Background: Variation in equine caudal cervical spine morphology at C6 and C7 has high prevalence in Warmblood horses and is suspected to be associated with pain in a large mixed-breed group of horses. At present no data exist on the relationship between radiographic phenotype and clinical presentation in Warmblood horses in a case-control study. Objectives: To establish the frequency of radiographically visible morphologic variation in a large group of Warmblood horses with clinical signs and compare this with a group without clinical signs. We hypothesised that occurrence of morphologic variation in the case group would not differ from the control group, indicating there is no association between clinical signs and morphologic variation. Study design: Retrospective case-control. Methods: Radiographic presence or absence of morphologic variation of cervical vertebrae C6 and C7 was recorded in case (n = 245) and control horses (n = 132). Case and control groups were compared by univariable Pearson's Chi-square and multivariable logistic regression for measurement variables age, sex, breed, degenerative joint disease and morphologic variation at C6 and C7. Odds ratio and confidence intervals were obtained. A P≤0.05 was considered statistically significant. Results: Morphologic variation at C6 and C7 (n = 108/377 = 28.6%; Cases 58/245 = 23.7%; Control 50/132 = 38%) was less frequent in horses with clinical signs in univariable testing (OR 0.48, 95% CI 0.3-0.8, P = 0.001). Age, sex, breed and degenerative joint disease were not retained in the final multivariable logistic regression step whereas morphologic variation remained significantly less present in horses with clinical signs. Main limitations: Possible demographic differences between equine clinics. Conclusions: Morphologic variation in the caudal cervical spine was detected more frequently in horses without clinical signs. Therefore, radiographic presence of such variation does not necessarily implicate the presence of clinical signs.
Introduction
The occurrence of vertebral morphologic variations in the equine cervicothoracic vertebral column, such as rudimentary first ribs and shape variations of C7, has been described as early as the beginning of the 20th century, even before radiography was performed in horses [1, 2] . At that time, it was believed that a decrease in the number of ribs was a sign of evolutionary progression whereas an increase would indicate evolutionary devolution [1] .
About a century later, the role of the Hox-genes in defining cervical vertebral numbers and shape was established [3] . Variations in cervical vertebral numbers (homeotic changes) have been reported in horses as occipito-atlanto-axial malformation (OAAM) [4] [5] [6] , and also as the presence of rudimentary or malformed ribs which seem to coincide in all cases with shape variations of C6 and C7 [7] [8] [9] . Existence of vertebral morphologic variation in the caudal cervical spine has been reported in one-third of both Thoroughbred and Warmblood populations [7, 10] . This variation has been evaluated in more detail in radiographic studies in larger mixed groups of horses [11, 12] . In their retrospective study DeRouen et al. [12] concluded that anomalous C6 vertebrae were more common in the Warmblood horses (n = 55, 79.2%), than in other breeds (n = 45, 47.4%) and possible relationships with cervical pain due to altered regional biomechanics were suggested. Vertebral morphologic variation has been reported as unilateral or bilateral and always in two consecutive (mostly C6 and C7) vertebrae [7, 11, 12] .
Radiography remains the first and most important tool for screening and diagnosis of abnormalities of the equine cervical spine. It is important to assess the potential of this tool to distinguish between morphological variations that may or may not be associated with clinical signs. Therefore, the objectives of this retrospective case-control study were to 1) establish the frequency of morphologic variation in cervical vertebrae of adult Warmblood horses with and without clinical signs related to the neck, and 2) to determine a possible association between variation at C6 and C7 with the presence of clinical signs.
Communication System (Impax, version 6.6.1.5003) a of the Division of Diagnostic Imaging of the Faculty of Veterinary Medicine, Utrecht University. Data of radiographic examinations of Warmblood horses without clinical signs, which had been performed during pre-purchase examinations between January 2009 and December 2012 (n = 132), were retrieved from the Picture Archiving and Communication System (EasyIMAGE, VetZ) b of the equine clinic of the Veterinary Centre Someren. Radiographic examinations were excluded if only the cranial cervical spine was assessable.
The radiographic data were reviewed by one board certified radiologist (S.V.) who was not blinded to the clinical data for the presence (unilateral, bilateral) or absence of morphologic variation (absence of a ventral laminar part of the transverse process in combination with a ventral protuberance at another transverse process) and its anatomic location. Furthermore, presence or absence of degenerative joint disease of the articular facet joint of C6 and C7 was recorded.
The clinical data of the above-mentioned horses were reviewed and considered to be relevant if classified in one of the following groups: spinal ataxia during neurologic examination, restricted (latero-or dorso-) flexion of the neck, cervical pain on palpation, abnormal behaviour (e.g. head shaking, bolting), cervical muscle atrophy, lameness and more specifically presumed thoracic neurological lameness, and hypermetric gait of fore-or hindlimbs. Presumed brachial plexus neurologic lameness was defined as any lameness that did not alter after diagnostic anaesthesia and/or was diagnosed as such based on electromyography. Clinical examinations were performed by board certified surgeons and internal medicine specialists, as well as residents under their supervision.
Data analysis
Measurement variables were presented as categorical data and median and range were calculated for age of case and control groups. Age was classified as younger and older horses, defined as 0-10 years old and >10 years old. Sex was defined as female and male. Breed was divided into Dutch Warmblood and other Warmbloods. Degenerative joint disease was defined as absent or present.
Attribute: Morphologic variation was first defined as present or not present; thereafter unilateral or bilateral variation were separated. The following case definitions of the case group were used: A1) all horses with at least one recorded clinical sign, A2) horses with spinal ataxia, A3) horses with cervical pain on palpation, A4) horses with lameness. Clinical signs in case definitions A2 to A4 were considered as inclusion criteria but not as limiting factors. Therefore, combinations of the above mentioned recorded clinical signs were possible as horses could have more than one clinical sign recorded (see Table 1 ). In case definitions A1 to A3 presumed brachial plexus neurological lameness could be one of the recorded clinical signs; in case definition A4 all lameness cases were included.
Associations between horse measurement variable (age, sex, breed and degenerative joint disease at C6 and C7), the attribute morphologic variation and groups (case-control) were tested in two stages. The first stage included univariable analysis of the case-control groups with each of the horse measurement variables and the attribute morphologic variations (yes/none, or unilateral/bilateral/none) by applying Pearson's chi-square test for all four case definitions. The odds ratios (OR) with 95% confidence interval were calculated, where the H 0 for the OR = 1. Secondly, multivariable stepwise logistic regression analysis with backward elimination approach of the case-control groups was performed in a subset of the horse study population including only those under 16 years of age and being Dutch Warmbloods, as measurement variables "age" and "breed" were seen to be most related to case-control status during univariable analysis. Through this restriction, the case and control groups had a similar distribution for age and breed. Multivariable step-wise logistic regression, with backward elimination approach, was performed for the respective four case definitions including age, sex, degenerative joint disease as measurement variables and unilateral/bilateral/none shape variation as attribute. Inclusion of a measurement variable in the four case-control models depended on P<0.05. An eliminated variable was considered a confounding factor if it altered the coefficient (b) of the remaining variables by >10%. The odds ratios (OR) with 95% confidence intervals were calculated with OR = 1 considered according to the stated lack of difference between the two groups.
Statistical processing was carried out in SPSS (Version 24.0) c (S.V.). A P≤0.05 was considered statistically significant.
Results

Horses
Included were 377 horses with radiographic examinations of the equine cervical spine and clinical recordings that met the requirements of this study. The frequency distribution of clinical signs for all case definitions is given in 
Descriptive data analysis
Morphologic variation at C6 and C7 (case 58/245 = 23.7%; control 50/ 132 = 38.0%) consisted of absence of the ventral laminar part of the transverse process of C6 in combination with a ventral protuberance at the transverse process of C7 (Fig 1) . This anomaly was seen unilaterally (n = 50) or bilaterally (n = 58). A single horse in the case group had a unilateral ventral protuberance at the transverse process of C5 with absence of the ventral part of the transverse process of C6 and no visible changes of C7 (Fig 2) .
Location of lameness was recorded as follows: left front (n = 28), right front (n = 34), left hind (n = 3), right hind (n = 1), left front and right front (n = 39), left hind and right hind (n = 2), left front and right hind (n = 3), right front and left hind (n = 1), all limbs (n = 5).
Degenerative joint disease was scored as absent in 314 horses (206 in the group with and 108 in the group without clinical signs) and present in 63 horses (39 in the group with and 24 in the group without clinical signs).
Electromyography results were available and abnormal in 24 horses, including horses with a range of clinical signs, but most frequently showing 
Case-control data analysis
Univariable analysis: A summary of the results of the univariable analysis with all horses included (i.e. A1) is shown in Table 2 . For case definitions A2 to A4 and for a subset of horses <16 years old and Dutch Warmblood with case definitions A1 to A4, a summary of results is available in Supplementary Items 1 and 2 .
When including horses of all ages and breeds, a higher age was noted in all case groups except for horses with spinal ataxia which were of similar age compared to the control group. There were more Dutch Warmblood horses in the case groups than the control group (P<0.05). There were no differences related to sex or degenerative joint disease between the two groups. Presence of morphologic variation at C6 and C7 was statistically significantly more in the control group for all case definitions (P<0.05). However, when divided in unilateral and bilateral morphologic variation compared to no variation, this was not true for all case definitions. The OR remained <1 for case horses for all case definitions for bilateral morphologic variations and only in case definition A1 for unilateral morphologic variation. For case definitions A2 to A4, the upper limit of 95% CI was >1 for cases.
Multivariable analysis:
As variables age and breed were statistically different between case and control groups in univariable analysis, multivariable analysis was performed in a subset of horses <16 years old and Dutch Warmblood with case definitions A1 to A4. Decision making was based on the absence of horses older than 15 years of age in the control group and the overrepresentation of Dutch Warmblood horses in the case group. A summary of the results of multivariable analysis in the subset of horses being under 16 years old and Dutch Warmblood with spinal ataxia, is shown in Table 3 . All results of other case definitions (all, pain on palpation, lameness) are included in Supplementary Item 3.
Stepwise logistic regression analysis with backward elimination approach in the above mentioned subset of horses and division of morphologic variation (none-yes) for all case definitions revealed that "morphologic variation" remained in the model but not the measurement variables sex, age and degenerative joint disease.
Morphologic variation at C6 and C7 was not related to the presence of clinical signs as most OR were <1 for case vs. control. In fact, more morphologic variations were present in the control horses in all cases (A1), spinal ataxia (A2), and in the group with pain on palpation (A3). Only, horses with any lameness (A4) did not differ in having a morphologic variation compared with control horses. The variable age did remain in the final step of case definition A4, leading to the conclusion that the lame horses in the case group were older than the control horses, which were pre-purchase horses.
Discussion
This is the first case-control designed study investigating the possible associations of clinical signs with morphologic variation of the equine cervical vertebral column. The prevalence of morphologic variation at C6 and C7 (28.6%) was similar to a previous study in a more diverse, smaller population of horses [7] . Interestingly, these changes were more often a) b) seen in the group of Warmblood horses without clinical signs (control) than in the group with clinical signs (cases). Cases defined by lameness showed a similar presence of morphologic variations as control horses. All results suggest no positive relation between morphologic variations and clinical signs as defined in this study. Homologous morphologic variations at C6 and C7 were found in almost a quarter of the cases and 38% of the controls resulting in an OR>1 for cases vs. controls. The odds in these two populations for having a morphologic variation at C6 and C7 were therefore higher in the group without clinical signs. This is a somewhat unexpected and counter-intuitive finding, but these results seem to support the fact that caudal cervical vertebral morphologic variation might represent a favourable adaptation in Warmblood horses. However, selection bias of the study population could have influenced these results as horses were presented at different types of clinics (university vs. private equine clinic), for different reasons. The control horses were younger, and potentially more expensive as they were presented for pre-purchase radiography. This bias was partly controlled in the age and breed restricted analysis, but cannot be excluded entirely. That being said, the prevalence in other studies was close to our observations. A prevalence of 33.3% was recorded in a cross-sectional post-mortem CT study [7] . A radiographic study [11] found these morphologic variations in 13.3% of a random study population and in 15% (21/138) in a group of Warmblood horses with a higher prevalence in mares. Another cross-sectional radiographic study described a frequency of 33.5% (19/55) in Warmblood horses without sex association [12] , which is again close to our observations. It is possible that geographic, demographic and breed-related differences can explain the minor differences in frequencies between studies.
Another reason for bias may have been that horses had a different clinical history and reason for presentation. Cases were horses that had been presented at the University clinic because of clinical signs that had been going on for some time. However, controls were pre-purchase horses without any clinical signs at the moment of examination at the private clinic. No follow-up data were available of the control horses, and therefore it cannot be ruled out that they developed associated clinical signs later in life. The retrospective aspect of this study and therefore lack of a standardised diagnostic work-up might also have influenced the outcome. No radiographic association for presence of other vertebral pathologies such as arthrosis was found in cases nor controls, confirming a lack of association as previously reported [12] . The multivariable analysis was performed in a subset of horses to equalise groups as it was noted that the case group contained some older horses while the control group contained small numbers of different Warmblood breeds. However, with no plausible reason to be given at this stage, all findings indicated that horses that show clinical signs are less likely to have a congenital morphologic variation of the lower cervical spine, with the exception of cases with lameness. The latter groups were equally likely to show morphologic variation as controls.
Conclusions
Homologous morphologic variation is common in the caudal cervical spine of Warmbloods. This variation does not appear to be associated with clinical signs and in fact is less frequent in clinical cases than in control animals, perhaps suggesting some protective effect. The existence of such an effect can only be established if the results in this study would be confirmed by other independent prospective studies. These studies should include a standardised clinical work-up and a well-documented population of Warmblood horses that needs to be followed over time. The mechanism of any such possible protective effect remains entirely elusive at this stage.
Thus radiographic presence of morphologic variation in the caudal cervical spine must be interpreted with care. There are no indications for any negative effect currently, but its clinical relevance has not yet been fully established and needs further investigation.
